IN recent years much information has been gained as to the processes involved in excitation-contraction (EC-) coupling of skeletal muscles. Sarcoplasmic reticulum is a key factor in EC-coupling (see FUCHS, 1974) and calcium distribution over a number of intracellular compartments also has an essential function. Excitation results in changed intercompartmental calcium flows (CHANDLER et al., 1976b; MILEDI et al., 1977; POTTER et al., 1978; FROEHLICH and TAYLOR, 1975; WINEGRAD, 1970 ) the nature of which has been described in part quantitatively. Only when the individual processes, as calcium release from sarcoplasmic reticulum (SR), calciumtroponin interaction and calcium uptake by SR, are combined, can the effect of a single process on the overall behaviour be analysed. This can be done only with help of a simulation model in which the individual processes can be recognised. In this paper a calcium model is quantitatively described. It enables the simulation of calcium flows between the compartments and the calcium (complex) concentrations within them by using the relevant data of the individual processes.
IN recent years much information has been gained as to the processes involved in excitation-contraction (EC-) coupling of skeletal muscles. Sarcoplasmic reticulum is a key factor in EC-coupling (see FUCHS, 1974) and calcium distribution over a number of intracellular compartments also has an essential function. Excitation results in changed intercompartmental calcium flows (CHANDLER et al., 1976b; MILEDI et al., 1977; POTTER et al., 1978; FROEHLICH and TAYLOR, 1975; WINEGRAD, 1970 ) the nature of which has been described in part quantitatively.
Only when the individual processes, as calcium release from sarcoplasmic reticulum (SR), calciumtroponin interaction and calcium uptake by SR, are combined, can the effect of a single process on the overall behaviour be analysed. This can be done only with help of a simulation model in which the individual processes can be recognised. In this paper a calcium model is quantitatively described. It enables the simulation of calcium flows between the compartments and the calcium (complex) concentrations within them by using the relevant data of the individual processes.
Simulated forces generated by the model (Fig. 1 ) for single and repetitive stimulations are compared with experimental results obtained from rat skeletal muscle. 
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The c.m.a.m, describes the changes of the calcium (-complex) 
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complex enables force generation. Dissociation of the calcium-troponin complex is forced by low sarcoptasmic calcium concentration realised by a calcium carrier pump in the longitudinal SRmembrane. Carriers remove calcium from sarcoplasm ((03) and transport it into the longitudinal SR against a calcium gradient ((04). During rest and after an action potential calcium leaks from the SR into the sarcoplasm due to the calcium gradient ((05)-Inside the SR-system the calcium flows back to the cisternae by passive diffusion ((06) . Owing to their significant calcium binding capacity, troponin and calcium carriers are considered as separate compartments. The calcium concentration is assumed to be uniform inside each compartment, implying that all intracompartmental diffusion processes are virtually instantaneous.
Calcium release from SR ((ol)
The mechanism of the calcium release from the terminal cisternae is not yet clear. For skeletal muscle, the depolarisation of the tubular membrane probably initiates the enhancement of the calcium permeability of the terminal cisternal membrane (ENDO, 1977) .
The sarcolemmal action potential also propagates into and along the T-tubules (GONZALEZ-SERRATOS, 1971 ). The time course of the tubular membrane depolarisation is not known; detailed information about propagation velocity of the action potential and eventual damping is lacking (ADRIAN and PEACHEY, 1973) . Consequently, these aspects are not incorporated in the c.m.a.-model. The depolarisation of the whole tubular membrane was taken as indentical to sarcolemmal depolarisation. The impact of this assumption on the simulations is discussed in Section 6. The course of the sarcolemmal action potential has been derived from HANSON (1974) The component elements of eqn. 1 will now be introduced consecutively. Calcium channels have been claimed to occur in the cisternal membrane (see ENDO, 1977) . The number of calcium channels per surface unit was equated to the number of 'feet' between the tubular and SR-membrane per unit surface in frog muscle (FRANZlNI-ARMSTRONG, 1970) .
The surface of the SR-membrane that contains the calcium channels was taken the same as the surface of the T-system. Calcium channels may occur in two states in the model: open and closed. We assumed that the fraction of open channels depends on membrane potential and time, since N(t) behaves like a Hodgkin Huxley variable
where c,,.
and
where ..... fl ..... f/and k are constants and E is the transmembrane potential.
The behaviour of the calcium channels is not known. The value of (0~h, the flow per channel in the rest situation, and which was taken as a constant, was obtained from the assumption that about 0-1/~molCa per ml sarcoplasm is released during a single twitch (BAYLOR et al., 1979a) . For a given N 2 (t) function the product of non, A.r and (0,'h determines the calcium release in the twitch (the influence of the last term in eqn. 1 is quite small). So the release of a certain amount of calcium can also be realised by another combination of values of n,. n and 0ch 9
The calcium flow through each open channel was assumed to depend on the calcium concentration gradient over the membrane. The last factor of eqn. 1 equals 1 in the rest situation. It is always less than 1 after release of calcium from the cisternae into the sarcoplasm and thereby reduces the calcium flow.
Calcium binding to troponin ((/)2)
The troponin-C molecule of skeletal muscle has two specific calcium binding sites and two competitive Ca 2 + -Mg 2 + binding sites (POTTER and GERGELY, 1975; HAIECH et at., 1979) .
We assumed that there is no interdependency between the binding to specific calcium and CA 2+-Mg 2+ sites, so that the troponin molecules can be thought to be split into two sets: troponin with two specific calcium sites and troponin with two Ca 2+-Mg 2+ sites. The amount of both "sorts" of troponin is then equal to the total amount of troponin.
From experiments on rabbit fast skeletal muscle troponin it would appear that the reaction rates for the binding of the first and second calcium ion are equal for each type of binding site, while the affinity of calcium for the Ca 2 + -Mg 2 + is much higher than for the specific sites (POTTER et al., 1978; HAIECH et al., 1979 Assuming a homogeneous distribution of troponin in the sarcoplasm, these reactions result in a net calcium flow from sarcoplasm to troponin: In the model the Mg 2+-concentration was taken constant (BAYLOR et al., 1979b) . The reaction rate constants for the Ca 2+-Mg a+ sites (POTTER and GERGELY, 1975; HAIECH et al., 1979) for a Mg 2+-concentration of 1 mM (BAYLOR et al., 1979b) were used.
The Ca 2 T G complexes enable interaction between actin and myosin (POTTER and GERGELY, 1975; JOHNSON et al., 1979) . This is described in the Section on the force generation model.
Calcium transport from sarcoplasm to the longitudinal SR (~3 and dp4 )
The calcium-transporting carriers in the membranes of the longitudinal SR have been studied extensively with fragmented SR-vesicles (FSR) (see TADA et al., 1978) . The transport consists of at least six chemical reactions (MARTONOSl, 1971; KANAZAWA et al., 1971) . Most of the individual reaction rate constants, however, have not been described quantitatively.
* Tn is negatively loaded; its valency has been omitted for simpficity; this has been done also at other places for other molecules
Therefore, we use an appreciably simplified description of the carrier transport containing the most essential aspects.
The processes involved in calcium removal from sarcoplasm are comprised in q53, and processes involved in calcium release into longitudinal SR are comprised in q54.
Each carrier molecule E has two equivalent binding sites for calcium (MARTONOS[, 1973 ). The binding occurs at the sarcoplasmic side of the membrane. It is very fast and competes strongly with the binding to troponin:
k3
If these reactions were thought to occur in a small volume V~q, in which the reaction constituents are distributed homogeneously, then the calcium flow from sarcoplasm to carrier is given by
(t) = V~q{k 3 ECa(t)]s(EE(t)] + ECaE(t)])
--
where [E] is the concentration of calcium transporting ATPase (calcium sites unoccupied) in V~e.
The carriers transport the calcium to the reticulum side of the membrane, where they lose their high affinity for calcium. Consequently the calcium ions are released into the lumen of the SR. In the model this was assumed to occur in two stages:
k5
Ca E' --* CaL + E
where Ca L is calcium inside longitudinal SR.
The reaction rate constant of the inverse reaction is very small (FROEHLICH and TAYLOR, 1975) SO that it could be omitted. In contrast to the fast binding at the sarcoplasmic side, the release into the SR-lumen is very slow. It is described by:
49~(t) = V~q{ks([Ca2E(t)]+[CaE'(t)])} 9 (10) where
[CaE'J is the concentration of calcium transporting ATPase, loaded with one calcium ion, intermediate at the lumen side of the SR membrane.
Calcium leakage from longitudinal SR into sarcoplasm (955)
At rest and during prolonged muscle activity the calcium concentration inside the longitudinal SR is much higher than in the sarcoplasm. This results in a flow from SR to sarcoplasm (WEBER et al., 1966) . Since the nature of this flow is unknown, it is described in the model as a passive diffusion leakage flow:
(t) = DI([Ca(t)] c -[Ca(t)]s).
where D~ is a diffusion constant. (11) 2.6 Calcium backflow from longitudinal S R to terminal cisternae (956)
The longitudinal calcium flow within the SR to the terminal cisternae can be studied only in intact muscle fibres. Quantitative data of WINEGRAD (1970) (frog muscle) indicate that it is controlled by the concentration gradient:
(t) = Dz([Ca(t)]c -[Ca(t)]c).
( 12) where D 2 is a diffusion constant and Ca c free calcium ions in terminal cisternae.
The greater part of the calcium in the cisternae is bound to proteins in a fast equilibrium (MARTONOSI, 1971 ). In our model only 1~o is present in free ionised form. An instantaneous relation between free and bound calcium is used:
where Cac. ~o~ is the sum of free and bound calcium in the terminal cisternae.
Additional equat'ions
In the above Sections the intercompartmental flows were expressed in terms of the underlying processes. To complete this model additional equations are needed to relate compartmental calcium concentrations to the flows. Differential equations to describe the calcium concentrations in the compartments involved follow from the differences between the flows in and out of these compartments. Also the system was supposed to be closed so the quantities of calcium, troponin and ATPase are constant.
The resting values of the compartmental concentrations were derived by putting all time derivatives zero. These values have been used as the starting values for the integration procedure.
Force generation model
Our force generation model is derived from the cross-bridge model of JULIAN et al. (1974) . Fig. 3 indicates schematically the processes determining the number of force generating cross-bridges. The presence of binding places on actin for coupling with free myosin heads (AS in Fig. 3 ) depends on the troponin state. When both calcium specific binding sites of one tr0ponin (resulting in Ca 2 Tn~) have been occupied, 7 actin binding places AS are recruited (PERRY, 1979) . A change in [AS] depends on its relations illustrated in Fig. 3 and on its production by Ca 2 Tn~: Muscle force depends on the number of parallel muscle fibres whose effects summate linearly. The force per muscle fibre depends on the number of forcegenerating cross-bridges per half sarcomere (HUXLEY, 1974) . If the force exerted by all force generating crossbridges was assumed to be uniformly distributed, then:
where Fhr is the mean cross-bridge force and C is a constant.
Numerical aspects
In this study model responses, calculated with the help of processes described in the literature, and actual muscle performance after electrical stimulation were compared quantitatively. Therefore, the literature dealing with the subcellular mechanism of ECcoupling was searched and the information obtained was incorporated, after any necessary transformation or scaling, into the model. The force output of the model was then compared with the results of suitably designed measurements.
In the course of doing this a number of problems arose. As already mentioned, virtually all the component processes have been described and parameter values published in the literature. In most cases, however, the conditions of the measurements differ from those in the muscle for which the model was intended to be valid. For instance, the temperature could have been more than 30~ lower, a different sort of animal may have been used, or concentrations may not be comparable with those in actual muscle conditions. This resulted--at least for some parameters--in a large degree of uncertainty (see Tables 1 and 2 ). How this problem was further dealt with will be described below after introducing the experimental procedure.
Isometric force developed by the slow m. soleus of albino rats (Nembutal anesthesia) was measured in vivo at 37~ Supramaximal stimulation pulses with a duration of 50 #s were applied to the nerve, while the muscle was adjusted to the optimum twitch length. Detailed information about experimental set-up and results has been described before . Twitches, double-pulse responses with various interval times, tetani and prolonged series of twitches were measured. Characteristics as indicated in Fig. 4 were derived from twitch and double pulse responses and compared with those derived from the simulated patterns.
Actual model parameters were found as follows. In the first instance the values for the f.g.m, were fully unknown and had to be found by trial and error in such a way that a twitch was simulated accurately (least summed squares of differences between simulated and measured characteristics). The mean force per cross-bridge (Fbr in eqn. 15)was derived from measured tetanic force taking into account the organisation of sarcomeres and myofilaments, and data from the literature (SZENT-GYORGYI~ 1975; GRAY and GONDA, 1978) . The two sets of values were in good agreement and indicated 6 pN to be a reasonable approximation.
The parameter values of the c.m.a.m, which are not accurately known (especially the nine mentioned in Table 1 ) were adjusted so as to minimise the deviation between simulated and experimental force patterns. In most cases an optimal fit could be obtained with parameter values in accordance with the literature (Tables 1 and 2 ), but note the uncertainty range mentioned above.
BAYLOR et al. (1979a) calculated on the basis of their arsenazo III-measurements in frog muscle fibres that a single action potential releases about 0.1 #mol calcium per ml sarcoplasm. In our model an action potential arriving in the resting state releases 0.14#mol calcium/ml. This amount is sufficient for the generation of an adequate twitch. This indicates the greater amount estimated by ENDO (1977) , about 0.4 #mol/ml, is not required.
The greatest differences occur in the referenced values of the parameters of the calcium transport from sarcoplasm to the longitudinal SR. The great ranges given in Table 1for 
Force simulation results
The parameter set-ultimately chosen produced the simulated twitch shown in Fig. 5a from a single act'ion potential. The resemblance between simulated and measured twitch patterns is good, although the form of the descending phases differ slightly. This is reflected by the difference in values of the maximum negative slope in the simulation and measurement, while the values of the other characteristics agree. Although reasonable twitch force patterns were obtained with a number of different parameter sets, only two of these showed acceptable behaviour with respect to double pulse responses. They differed with respect to only two parameter values of the force generation model (k~ and k~).
The simulated and measured force of a double pulse response are plotted in Fig. 5b . In contrast to the twitch the simulated relaxation is faster than the measured one. The results at different interval times for the characteristics indicated in Fig. 4 are depicted in Fig. 6 . Note that the normalised amplitude and maximum positive slope agree satisfactorily for simulated and measured patterns in the tested interval time range (5 to 200ms). The contraction time of the simulated double pulse responses however is always too small. It is apparent from Fig. 6d that the maximum negative slope decreases with increasing interval time. This decrease is less pronounced for the simulations. If the characteristic values of simulated and measured twitch agree, the normalised plots of 
Comparison of simulated (1) and measured (2),lbree patterns .lot twitch (a), double pulse response with 60ms intereal (b), tetanus with 20 stimuli, lOms intervals (c), and prolonged series of twitches with 200ms intercal (d). In (a)-(c) theJorce is plotted as jmwtion qf the time, in (d) the loree is normalised with respect to the jbrce amplitude qf the,first twitch, and plotted against the rank order of the twitches
times the difference in the absolute values of the maximum negative slope of simulated and measured double pulse responses is reduced with respect to that of a twitch. Deviations of the model are appreciable in the tetanus situation. The ascending phase of the simulated tenanus is too fast, while the descending phase is too slow (Fig. 5c) . The most conspicuous deviation occurs after stimulation has finished: the simulated force stays high, while the measured force decreases gradually. This appears to be associated with the value chosen for the total amount of calcium (see discussion). The effect disappears if this amount is reduced.
Prolonged series of twitches were also studied because they offer the possibility of analysing the measure to which the system is returned to the resting state after a twitch. That this is not entirely the case is found experimentally since the amplitude of twitches changes during such a series. The plots of the amplitude of twitches, with an interval time of 200 ms, show that during the onset the model performs reasonably well (Fig. 5d) . In the simulations the twitch amplitude stays constant fro m the 7th twitch upwards, in the experiment it decreases gradually from about the 10th twitch . Tables  1 and 2) , it is of interest to test the model sensitivity for a number of parameters. The most prominent results with respect to c.m.a.-model parameters have been plotted in Fig. 7 . A general aspect found is that the changes in contraction and half relaxation time are always similar with respect to direction, although they sometimes differ in extent. This fact implies a considerable degree of dependency between some parameters at least and causes difficulties in simultaneously realising correct contraction and half relaxation times. Here either the contraction time was too short or the relaxation was too slow.
The duration of the calcium release, which is directly related to the (unknown) form of the tabular action potential, is varied from 0.2 to 2.2ms (Fig. 7a) , conserving the amount of calcium released: the three twitches are indistinguishable. When the same amount is released during times > 2.2 ms, the twitch is slower and reaches a lower amplitude (Fig. 7b) . Thus, in the case of a short duration release, only the released amount is important rather than the course of the release.
In reality the total amount of calcium released per action potential is uncertain (see Section 4 on numerical aspects). One way of adapting the released amount is with the help of the capacity of the calcium channels qS~h (1). A change of ~b~h influences both amplitude and form of the twitch, at least in the range shown (Fig. 7c) .
Because the duration of the T-tubule depolarisation is expected to be less than 10 ms, the main action of the action potential is controlling the amount of calcium released. Therefore changes in action potential will have effects comparable with changes in 4%, displayed in Fig. 7c .
There is a strong competition between the calcium binding to troponin and the calcium transporting ATPase. The effect of a simultaneous change in k,.~ and k2, ~ (the reaction rate constants for calcium binding to and decoupling from the specific sites of troponin respectively) without change in the affinity constant kl,jk2, s is shown in Fig. 7d . This change markedly influences the form of the twitches. An enhancement introduces an increase of the twitch amplitude and a shortening of both contraction and half relaxation time.
Model performance depends fairly strongly on the amount of calcium transport ATPase with the chosen parameter set. An adaptation of the ATPase amount changes the twitch amplitude and particularly the relaxation of the twitches (Fig. 7e) . The change in the twitch form, caused by variation of the reaction rate for calcium binding to the ATPase (k3), are not shown. An enlargement of k 3 reduces the amplitude, and shortens the half relaxation time more than the contraction time. Finally, the effect of a change in reaction rate constant k s (the decoupling of calcium from the ATPase at the lumen side of the SR-membrane) does not influence the twitch noticeably, but it is an important parameter in the quotient of double pulse amplitude/twitch amplitude (Fig. 7f ). If k s increases, the resting state will be reached sooner and there will be relatively less effect of the second stimulus.
When each of the four reaction rate constants in the f.g.m, is varied, the time course of the twitch changes. In conclusion, all the simulations described in this Section do not indicate that one of the processes is rate limiting.
Simulation results of intermediate processes
One of the possibilities with the c.m.a, model is the .calculation of the concentrations of calcium in the various compartments during different stimulation patterns.
An action potential, used as model input, is shown in Fig. 8a together with the resulting calcium release flow ~b~ starting after the crossing of a transition voltage (constant V in eqns. 3 and 4). Its duration is slightly increased with respect to that of the action potential (note this is less than 2 ms). The release causes the rise of the sarcoplasmic calcium concentration (Fig. 8b) . The shape of this concentration curve is comparable with the ~ curve. The resting state sarcoplasmic calcium concentration equals 10-s #mol/ml [referenced to the range from 0.5 • 10 5 (SZENTGYORGYk 1975) to 2• -5 #mol/ml (FORD and PODOLSKY, 1972) in frog muscle fibres]. The maximum concentration reaches 1.8 • 10-a #mol/ml after one action potential. The prolonged presence of a concentration six times higher than this is able to introduce full activation (CHANDLER et al., 1976b) .
The rise in sarcoplasmic calcium concentration is followed by a very fast increase in [Ca 2 Tn~] . This curve reaches its peak value at the end of the [Ca 2 +Is peak and declines slowly thereafter (Fig. 8b) . The Ca 2 Tn s is followed by an increase in the number of cross-bridges, those generating no force (A~) rising the first (Fig. 8c) differ by a factor of 15, indicating that the reaction rate constants in the cross-bridge processes are essential in the slow pattern of the force. The simulated results were worse in the condition where all the cross-bridges contributed to the force. Two reactions with a reaction rate constant relatively low with respect to the calcium binding to troponin and to calcium transporting ATPase are essential. The time course of [A/j ] is identical with that of muscle force (see eqn. 15).
The competition between the calcium binding to troponin and the calcium transporting ATPase is indicated by the curves in Fig. 9a . The cross-hatched area is almost equivalent to the amount of calcium that directly is bound to the ATPase. This calcium (about one third of the total amount released) does not contribute to the force generation. The binding of calcium on the ATPase at the sarcoplasmic side of the SR-membrane is fast in contrast to the splitting off at the luminal side of the membrane causing the time course of the calcium flows to and from the ATPase to be very different (Fig. 9b) . In a twitch the flow q53 will contribute essentially to relaxation which in a tetanus is only driven by q54 since the occupancy of the ATPase with calcium is maximum at the moment the stimulation stops.
There is still an increased flow within the SR to the cisternae after the mechanical relaxation of the muscle is complete. Comparison of Fig. 9c and 8c illustrates this aspect up to 120ms. The resting state is reached again only after a time well beyond 1 s after the start of twitch.
Unfortunately, the experimental data on calcium flows and concentrations are very scarce for ]s are more often described for frog muscle fibres (MILEDI et al., 1977; BLINKS et al., 1978) than for mammalian muscle fibres (EUSEBI et al., 1980) . In frog skeletal muscle fibres the light signal with aequorin reaches its crest value about 10ms after the onset of the action potential (30~ Fig. 3 of BLINKS et al., 1978) , but this probably reflects more the kinetics of the aequorin reaction than the calcium transient in sarcoplasm (BLINKS et al., 1978) . In our model simulations the action potential is very brief and causes a sharp peak in sarcoplasmic calcium concentration (Fig. 8a) , its highest value being reached about i ms after the onset of the action potential (37~
Discussion
The force generated by skeletal muscle depends mainly on the nature of the muscle fibres of which it is composed, on the stimulation pattern and on the degree of elongation of the muscle. The model presented was developed to study whether the isometric force of a muscle during a number of stimulation patterns could be understood in terms of the processes known to play a role in the excitationcgntraction coupling and in force generation. For such an approach it is necessary to realise a model that is based upon physiologically recognisable component processes. Presently available models for skeletal muscle, in which activation processes are implemented, are not sufficiently extensive for this purpose (ASHLEY and MOISESCU, 1972; AKAZAWA et al., 1976; HATZE, 1977; RADU et al., 1974) or are based on obsolete data (TAYLOR, 1969) . Such extensive models are also lacking for cardiac muscle, although a related approach such as ours is sometimes taken (BASSINGTHWAIGHTE and REUTER, 1972; KAUFMANN et al., 1974; TSATURYAN and IZAKOV, 1978; MARKHASIN and MIL'SHTEIN, 1979; VAN DEN BROEK, 1979) . Before evaluating the model, the main assumptions and simplifications inherent in the model processes will be discussed in some detail. In contrast to heart muscle fibres, the calcium content of skeletal muscle fibres is independent of the stimulation pattern (KIRBY et al., 1975) . Isolated skeletal muscle fibres are able to generate force, even in a calcium free medium (BLINKS et al., 1978) . So the calcium flow through the sarcolemma has been neglected.
It is generally accepted that the depolarisation of the tubular membrane is the main cause for calcium release in skeletal muscle fibres (ENDO, 1977) . An action potential is propagated along the tubular membranes With a velocity of about 8 cms-1 in frog muscle fibres at 20~ (GONZALEZ-SERRATOS, 1971 ). In soleus muscle fibres at 37~ this should introduce a delay < 0.25ms between superficial and medial tubular membrane depolarisation and consequently between the calcium release in the corresponding myofibrils. It ensures an adequate transversal synchronisation within the fibre, while such a delay will not change the twitch form noticeably (Fig. 7a) .
The depolarisation of the tubular membrane determines the number of open calcium channels in the cisternal membranes. This is described by a formalism that might be compatible with the membrane charge movement mechanism (CHANDLER et al., 1976a and b) . A relation between the number of open calcium channels in the cisternal membranes and the amount of charge movement has been proposed by several authors (CHANDLER, 1976b; CAPUTO and FERNANDEZ DE BOLANOS, 1979; SHLEVIN, 1979 ), but has not been proved (ADRIAN, 1978) . Thecontinuity of membrane layers ofT-tubules and cisternae (SOMLYO, 1979) may be an important link in the control of opening calcium channels in the SR membrane by depolarisation of the tubular membrane.
In the model 0.14 pmol calcium release per millilitre of sarcoplasm is sufficient to reach normal force amplitudes; this amount agrees with estimations from recent experiments (BAYLOR et al., 1979a) .
While contraction is triggered by the release of calcium from the cisternae, the relaxation is driven by the calcium uptake by longitudinal SR. The relaxation phase depends strongly on the calcium transport from sarcoplasm to longitudinal SR. Parameter values of the calcium flows involved in this transport are uncertain to a great extent (Table 1) . So it is not surprising that there is no agreement on the question as to whether the transport velocity is sufficient for adequate relaxation. WEBER (1971 and FORD and PODOLSKY (1972) expect it will be under in vivo conditions. In our model the transport appears to be sufficient for the realisation of relaxation, but due to the simplicity of the structure of the component that modelled the calcium transport into the SR no general conclusions can be drawn.
After the uptake in the longitudinal SR, the calcium is transported back to terminal cisternae. In a tetanus the repeated release of calcium perceivably diminishes the amount of calcium stored in the cisternae. Were it not replenished the tetanus force would collapse at a certain moment. The diffusion rate constant for the backflow given by WINEGRAD (1970) is not sufficient to overcome such a collapse in our model. With a value of about 100 times that of Winegrad corrected for temperature the plateau phase can hold for at least 200 ms. The calcium backflow has no importance for the twitch and double pulse response, but it will influence both the tetanus and the staircase.
The calcium storage in the cisternae may be considerable since, for the main part, it is present in bound form (MARTONOSI, 1971) . The calcium is probably bound to proteins with high calcium binding capacity (MACLENNAN and WONG, 1971) . The properties of the interaction between free and bound calcium and the concentration of calcium binding protein as used in our model are described in more detail elsewhere (HEIJINK, 1980) . During the resting state the main part of calcium is present in the cisternae. The total amount of calcium in the muscle fibres has been estimated to be 0.3 pmol [equal to 0"2 times the estimated weight of SR membrane protein in mg, MARTONOSI (1971)] . If this amount is reduced, the twitch and double pulse response can be maintained as they were, while the prolonged plateau of the tetanus disappears (HEIJINK, 1980) . The model makes it possible to study the effect of other muscle parameters in the excitation-contraction coupling. For example, examine whether a change from the slow to the fast muscle type parameters is sufficient to realise an adequate fast muscle model (e.g. BRIGGS et al., 1977) .
Conclusions
Present day knowledge enables the realisation of a model containing quantitatively essential processes of excitation-contraction coupling and force generation. Such a model is necessarily specific for one particular type of muscle. The force patterns generated by the model as developed for the m. soleus of the rat after one or two action potentials agree satisfactorily with measured performance of that muscle and in their dependency upon the time intervals used.
The amount of calcium transporting ATPase in the SR membrane is so considerable that its buffer action is appreciable. In the model the ATPase competes strongly with troponin in the binding of the released calcium. The behaviour of the muscle after the second action potential depends strongly on the degree of occupancy of both the troponin and the ATPase with calcium.
A literature search for parameters needed to render the model operational reveals that many data required are incompletely defined or partly conflicting. A model as presented in this study can be used as a guide for further study of the processes involved.
